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Abstract. The tubulin monomers of brain microtu-
bules reassembled in vitro are arranged on a 3-start
helix, irrespective of whether the number of protofila-
ments is 13 or 14. The dimer packing is that of the B-
lattice described for flagellar microtubules. This im-
plies that the tubulin core of microtubules contains at
least one helical discontinuity. Neither 5-start nor 8-
start helices have a physical significance and thus can-
not be implicated in models of microtubule elonga-
tion, but the structure is compatible with elongation
W
WEN flagellar outer doublet microtubules were stud-
ied by image reconstruction, it was found that both
A- and B-tubules had the same arrangement of
monomers but a different dimer lattice (1). Both had longi-
tudinal protofilaments with a 4-nm repeat of monomers, and
adjacent protofilaments were staggered by -0.9 nm, thus
generating a 3-start helix of monomers. When this helix was
followed, it was found that the A- or B-tubulin molecules
could either alternate (a-0-a-0- - -, A-lattice) or be aligned (a-
a-a . . . or,3-/3-0. - -, B-lattice). With 13 protofilaments, the A-
lattice could be helically symmetric, whereas the B-lattice
could not. Since the flagellar B-tubule is not a closed cylinder,
the potential lack of symmetry did not present a conceptual
problem.
This situation changed when cytoplasmic microtubules be-
came available for structural investigation. All evidence ac-
cumulated thus far indicates that they have a B-type dimer
lattice. These studies include x-ray fiberdiffraction oforiented
microtubules (23) as well as optical diffraction and image
reconstruction of polymorphic forms observed concomitant
with microtubule assembly (hoops [24], sheets [10, 34], and
microtubules [28]). This means that cytoplasmic microtubules
lack helical symmetry. Recently similar conclusionshave been
reported for flagellar central pair microtubules and tubules
repolymerized from B-tubulin (21, 22).
The B-lattice with its lack of symmetry implies that the 5-
start and 8-start helices of dimers postulated for flagellar A-
tubules have no physical significance. This has a bearing not
only on structural models of microtubules (which until now
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of protofilaments by dimers or protofilamentous oli-
gomers.
The inner and outer surfaces of the microtubule
wall can be visualized by propane jet freezing, freeze
fracturing, and metal replication, at a resolution of at
least 4 nm. The 3-start helix is left-handed, in contrast
to a previous study based on negative staining and
shadowing. The reasons for this discrepancy are dis-
cussed.
are mostly represented in a symmetrical fashion in reviews
and text books, despite evidence to the contrary), but also for
models of assembly that tend to assume helical symmetry
(e.g., reference 9).
The problem of lattice discontinuity would disappear if
microtubules reassembled in vitro had a different number of
helix starts and protofilaments (e.g., 4/14 instead of 3/13).
Several authors have indeed shown that reassembled micro-
tubules frequently have 14 protofilaments (19, 32). We have
therefore re-investigated the structure of microtubule walls
under conditions in which microtubules reassembled with
either 13 or 14 protofilaments. In both cases we find a
combination of 3-start helix and B-lattice, which means that
the discontinuity of the microtubule lattice is an intrinsic
feature of tubulin assembly. This excludes helical assembly
models but is compatible with models based on lateral pro-
tofilament association and protofilament elongation.
A second question we address here is the helix handedness
of microtubules. Conflicting images have been presented in
the literature, based on different experimental techniques. We
have now approached the problem by the propanejet freezing
method developed by Muller et al. (30), followed by metal
replication. It combines the advantagesofhigh resolution and
reproducible interpretability. We conclude that the 3-start
helix is left-handed, in agreement with earlier results obtained
from image processing (1, 8, 12), but in contrast to previous
results from negative staining and shadowing (34) or cryo-
block freezing (16).
1067Figure  1.  Electron  micrograph of sheet and its 
optical diffraction pattern. (a) Sheet (assembled 
in 0.1 M  MES, pH 6.6, with 25% glycerol), with 
longitudinal striations due to protofilaments and 
shallow cross-striations going up and to the left. 
Note  main periodicity  of 4-nm and the fainter 
striations of 8-nm periodicity. (b) Optical diffrac- 
tion pattern. The main layer lines correspond to 
order of 4  nm (1 =  0,1,2). The 8-nm periodicity 
is most pronounced midway between layer lines 
1 and 2 (3rd order of 8 nm). The position of the 
reflection indicates a  B-lattice. Bar, 0.05 um. 
Materials and Methods 
Protein Preparation 
Microtubule protein was prepared by one of the temperature cycle methods (5, 
35).  The usual reassembly buffers are either 0.1  M  2-(N-morpholino)ethane 
sulfonic acid (MES) ~ pH 6.6 or 0.1  M  Pipes pH 6.9 or 6.6,  with or without 
25% glycerol. The buffer type, pH value, and nucleation conditions are known 
to affect the curvature of  the microtubule  wall and the number  ofprotofilaments 
resulting from it (6,  17). in our conditions of protein preparation and assembly 
we find 13-protofilament microtubules (>90%) with 0.1 M MES, pH 6.6, and 
25% glycerol, in agreement with earlier results (23). With 0.1 M Pipes, pH 6.9 
or 6.6,  with  or  without glycerol  we  obtain  14-protofilament microtubules, 
confirming the observations of Scheele et al. (32). The main effect of glycerol 
is to increase the fraction of incomplete microtubule walls during the early 
stage of assembly. In thin sections these appear as C-tubules. In negative stain 
they are usually flattened into sheets containing  a single layer of  protofilaments; 
this allows an accurate determination of lattice parameters (12). 
Electron Microscopy and Image Interpretation 
Twice  cycled  microtubule protein  was  resuspended at  2-3  mg/ml in  the 
reassembly buffer appropriate for 13 or 14 protofilaments (with 25% glycerol), 
polymerized for 5 min, placed on carbon-coated grids, and observed by nega- 
tive-stain electron  microscopy (1%  uranyl acetate or  formate) in  a  Philips 
EM400T microscope (Philips  Nederland B.V., Eindhoven, Netherlands). Im- 
ages of sheets were selected by the sharpness  of  their optical diffraction patterns 
and photographed on 35-mm film using a diffractometer with an f =  100 cm 
lens. 
Lattice constants were obtained either from photographic enlargements of 
optical diffraction patterns or on a  microdensitometer (Nikon  Inc.,  Garden 
City,  NY).  Three parameters were  recorded:  (a) the distance R  of the [1,0] 
reflection  on the equator (the inverse of which is proportional to the separation 
of protofilaments), (b) the distance Z  of the first  layer line (giving the axial 
repeat of tubulin monomers), and (c) the angle 7 between the line connecting 
the origin and the [0,1] reflection  and the meridian (equal to the inclination of 
the cross-striations that  correspond to  the  3-start  helix).  The axial  stagger 
between adjacent protofilaments is then S =  (Z/R)tan'r .4 nm. Note that S is 
internally calibrated and therefore independent of magnification. For  each 
assembly condition (giving 13 or 14 protofilaments per microtobule), the data 
from the sharpest diffraction patterns were plotted on a histogram from which 
the mean shift per protofilament and the standard deviation were calculated. 
The number of protofilaments per microtubule was determined from thin 
sections of tannic acid-stained samples (36). 
' Abbreviation  used in this paper." MES, 2-(N-morpholino)ethane sulfonic acid. 
Propane Jet Freezing and Metal Replication 
Microtubule solutions were  frozen rapidly by a propane jet cooled at liquid 
nitrogen temperature (QFD 020, Balzers AG, Balzers, Liechtenstein; see refer- 
ence 30). A droplet of the solution was applied to a 400-mesh gold grid, pressed 
flat between two copper disks, inserted into the apparatus, and quickly frozen 
and stored in liquid nitrogen until further processing. The samples were freeze- 
fractured by separating the copper disks in a Balzers BAF 301 unit (etching at 
-100*C, 2.5  min, 10  -6 hPa) and rotary shadowed with 2-nm platinum at an 
angle of 25* and 20-nm carbon at 90*. The gold grid was then mounted in the 
microscope specimen holder with the shadowed side up. The method has three 
advantages: The thin layer of solution ensures high freezing rates of the whole 
sample, the attachment to the gold grid allows unambiguous  orientation of the 
replica (this is critical for determining the helix hand), and the removal of the 
protein from the replica is unnecessary. 
Alternatively,  samples were frozen by the cryo-block  method, i.e., by drop- 
ping them onto a  liquid helium-cooled copper block (Cryoblock,  Reichert- 
Jung GmbH, Nussloch, FRG; see Escaig [13]). This procedure achieves some- 
what higher freezing rates that are however not critical in the case of solutions. 
The disadvantages are the higher cost (liquid  helium) and the necessity  to 
dissolve the protein  from the replica,  which introduces uncertainties in the 
orientation of the replica. The propane jet method was therefore preferred. 
Results 
Protofilament Number, Helix Starts, and Seam 
In analyzing the surface lattice, we concentrated on opened- 
up  microtubule  walls  since  they  allow  the  most  accurate 
measurement of the axial  shift between protofilaments.  By 
contrast,  microtubules are  usually  somewhat distorted  and 
their  front  and  back  surfaces  overlap  in  projection;  both 
factors complicate the analysis (28). Fig.  1 shows a sheet and 
its optical diffraction pattern with main layer lines up to 2- 
nm resolution. The position of the reflections confirms that 
the monomer lattice is that of microtubules (10,  12, 34). The 
reflections from the dimer lattice are always very weak since 
the  difference  between  A-  and  B-tubulin  is  small.  In  the 
example of Fig.  1 there is a clear reflection midway between 
the [0,1] and [0,2] reflections, at an axial resolution of 8 nm/ 
3 =  2.7 nm. This identifies the lattice as that of B-tubules (1). 
Corresponding reflections midway between the origin and the 
[0,1]  reflection are also sometimes seen.  They are generally 
weak with sheets, probably because of their radiation sensitiv- 
The Journal of Cell Biology, Volume 102, 1986  1068 Figure 2. Sections showing microtubules  with (a) 14 and (b) 13 protofilaments.  Microtubule protein was polymerized for 20 min in (a) 0.1 M 
Pipes reassembly buffer at pH 6.9, or (b) 0.1 M MES reassembly buffer at pH 6.6, with 25% glycerol, then pelleted, fixed in 1% tannic acid, 
1% glutaraldehyde, and processed for sectioning as described (25). Bars, 0.05 um. 
ity (3), but they are more pronounced with larger arrays such 
as hoops (24). We did not observe any reflections correspond- 
ing to the A-lattice. These findings agree with x-ray patterns 
of microtubules whose layer lines at odd orders of 8 nm are 
also dominated by the B-lattice (23). 
Since the B-lattice would imply some discontinuity in the 
microtubule surface lattice, we asked whether symmetry could 
be achieved by changes in protofilament number and stagger. 
Fig.  2  shows thin  sections  of microtubules  containing,  ho- 
mogeneously, either  13 or 14 protofilaments. The axial shift 
per protofilament found in these conditions is illustrated  in 
Fig.  3.  For a  3-start  helix  one expects  a  shift of 12  nm/k, 
where k is the number of protofilaments (is 0.923 nm for 13 
protofilaments, 0.857 nm for 14 protofilaments). For a 4-start 
helix the shift would be  16 nm/k (is  1.231  nm for 13,  1.143 
nm  for  14  protofilaments).  The  histograms  are  centered 
around 0.89  and  0.79  nm,  with  standard  deviations  ~0.18 
nm.  Both  distributions  are  compatible  with  a  3-start  helix, 
but not with a 4-start helix. Thus the intersubunit interactions 
are nearly identical  in the two conditions,  and the variable 
number of protofilaments is accounted for by minor changes 
in wall curvature.  The combination of B-lattice and  3-start 
helix  implies that there  must be a  discontinuity or seam in 
the surface lattice which to a first approximation is independ- 
ent of the protofilament number (see models 1 and 2 of Fig. 
4, top). 
We then asked if a  seam in the microtubule wall could be 
visualized directly. In principle this would require a positive 
identification of  a- and/3-tubulin molecules at high resolution. 
This is not possible with negatively stained specimens, given 
the  low contrast between  the  two  tubulins  (imagine  Fig.  4 
with  the  contrast  between  black  and  white  reduced  to  an 
almost  uniform  grey).  However,  there  are  several  types  of 
observations indicating that there are special seam-like inter- 
actions between particular pairs of  protofilaments. One is that 
the  protofilaments  forming junctions  between  microtubule 
walls are unusually tightly packed (down to 3.5 nm, compared 
with the usual 5 nm). They can be found in S-shaped hooks, 
hoops, and other composite assembly forms (not shown; see 
Fig.  2  of reference 25,  or Fig.  6  of reference 26).  Secondly, 
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Figure 3. Histograms showing inclination of cross-striations of sheets 
prepared in different conditions. (a) 0.1 M Pipes pH 6.6, 25% glycerol 
(favoring 14 protofilaments) and (b) 0.1 M MES pH 6.6, 25 % glycerol 
(favoring 13 protofilaments).  The y-axis shows the number of parti- 
cles, the x-axis shows the stagger between adjacent protofilaments.  In 
a  the  mean shift per protofilament  is 0.89  nm  (SD 0.17  nm,  33 
particles); in b the mean shift is 0.79 nm (SD 0.19, 32 particles). 
freeze-fractured microtubules are sometimes seen to be split 
over short distances at several points along their length, with 
the split occurring between the same pair of protofilaments. 
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Figure 4. Models of lattices for the various combinations of protofilament number, helix starts,  and dimer lattices.  Each tubulin monomer ~s 
represented by a sphere (black = a, empty = 13, axial separation of monomers is 4 nm). The two models on the left are built from 3-start helices 
of monomers and  13 or  14 protofllaments (13/3 and  14/3).  The two models on the fight are based on 4-start helices (13/4 and  14/4, not 
observed in practice).  The A-lattice is shown in the lower part, the B-lattice in the upper part of the models. The discontinuity, when present, 
is between the two central protofilaments. Note that a combination of 3-start helix and B-lattice is always discontinuous  (models 1 and 2, top), 
and that the A-lattice is continuous in the case of 13/3 (model 1) but discontinuous  in the case of 14/3 (model 2). 
This suggests a  seam whose stability is lower than that of the 
bonds between the other protofilaments (Fig. 5, left). Finally, 
the well-known occurrence of C-shaped incomplete microtu- 
bule walls is a  strong argument for the non-helical growth of 
microtubules  and  the  requirement  for  closure  between  a 
special pair of protofilaments (Fig. 5, right). 
Helix Hand of Jet-Frozen and Fractured Microtubules 
When  a  microtubule  solution  is  frozen  rapidly  by  a  cold 
propane jet, fractured, lightly etched, and replicated by metal 
shadowing, one can observe different appearances depending 
on the position of a microtubule relative to the fracture plane 
(Fig.  6):  (a)  When  the  outer  surface  of  a  microtubule  is 
exposed one can distinguish the longitudinal protofilaments, 
but the subunits are distorted so that other helical lines are 
Figure 5. Microtubule walls showing structural analogues of a discon- 
tinuity. (Left) Microtubule rapidly frozen by the propane jet method, 
freeze-fractured,  and replicated by platinum/carbon shadowing. Note 
splitting of microtubule wall between the same pair of protofilaments 
along the  whole  length. (Right) Microtubule protein polymerized 
briefly (2 min) in 0.1 M Pipes reassembly buffer pH 6.9, fixed for 10 
rain by 1% tannic acid,  1% glutaraldehyde in reassembly buffer at 
37"C, pelleted and processed  for thin sectioning as above. At early 
stages  of assembly there  is an increased number of incompletely 
closed microtubule walls with variable gaps, suggesting that assembly 
is non-helical and that a special interaction between protofilaments 
is necessary for closure. Bars, 0.05 ~m. 
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cannot  be identified  reliably. (b)  When  the  microtubule is 
fractured open the inside of the back wall becomes visible.  It 
is domiriated by oblique lines running up and to the right at 
an angle of- 13-15", and with an axial separation of 4 nm. 
Thus they correspond to the 3-start helix of tubulin  mono- 
mers.  The  inclination  means that  this  helix  is left-handed. 
The longitudinal protofilaments are usually not visible on the 
inside. 
Quick  freezing by the  cryo-block method  yields  similar 
images (not shown). However, the inclinations of the helical 
lines on the inside surfaces may be up and to the left or to 
the right. This is explained by the fact that parts or all of the 
replica may be inverted when  it is transferred to  the  grid. 
Thus the method is less reliable for determining the absolute 
helix hand.  This may be the reason for the apparent differ- 
ences in published images obtained by the cryo-block method 
(compare references 16 and 18). 
The results from propane-jet freezing contradict our earlier 
conclusions about the  helix  hand,  using a  combination  of 
negative staining and metal shadowing and the same conven- 
tions of electron imaging and printing (34).  In that study we 
investigated long incomplete microtubule wails (sheets) which 
retained  a  microtubule-like wall  curvature.  These  samples 
showed an apparently right-handed helix (oblique striations 
up and to the left when viewing at the inside surface). How- 
ever, the  opposite curvature was also sometimes observed, 
although  it  was  maintained  only  over short  stretches and 
therefore considered an artifact (compare the two particles in 
Fig.  I d of reference 34). It therefore appears that the curva- 
tures of negatively stained opened-up microtubule walls may 
either be right-side-out (reproducing the correct helix hand) 
or inside-out (generating the opposite hand), presumably de- 
pending  on  their  rigidity  and  the  forces that  act on  them 
during adsorption, staining, and drying. 
Discussion 
The Lattice Discontinuity 
Several theoretical combinations of protofilament numbers, 
helix  starts,  and  lattice  types are  illustrated  in  Fig.  4,  and 
Table 1 shows whether the lattices are symmetric or not. In 
our experiments, only the combination of 3-start helix and 
B-lattice  was  observed.  This  is  illustrated  in  Fig.  7.  The 
findings have consequences for models of microtubule struc- 
ture as well as assembly. The combination of a  3-start helix 
and a B-lattice implies that there is a discontinuity somewhere 
in the rnicrotubule wall. In every turn of the 3-start helix the 
sequence of like subunits (either a-a-a-. - or B-B-B" • ") must 
be interrupted at least once by an a-/3 bond. The discontinuity 
Figure 6. Microtubules quickly frozen on a gold grid by the propane 
jet  method,  freeze-fractured,  and  rotary  shadowed  with  platinum. 
The  outside  surfaces show longitudinal protofilaments, the  insides 
show oblique lines running up and to the right corresponding to the 
left-handed  3-start  helix.  The  resolution  is  at  least  4  nm  (axial 
separation of helical lines). Bar, 0, l  gin. 
Table I. Relationship of  Protofilament Number, 
Number of  Helix Starts, and Microtubule Symmetry  for the 
A- and B-Lattices 
A-lattice  B-lattice 
13 Pf 
3-Start  Sym  Asym 
4-Start  Asym  Sym 
14Pf 
3-Start  Asym  Asym 
4-Start  Sym  Sym 
The A-lattice is symmetric  when the protofilament (P0 number and helix starts 
are both either even or odd (13/3 or  14/4).  The B-lattice  is symmetric only 
with an even number of helix  starts, independent of protofilament number 
(13/4 or  14/4).  The observed combinations (13/3 or 14/3) and the observed 
B-laltice show that microtubules must contain at least one discontinuity. Even 
if an A-lattice  existed it would be discontinuous with 14 protofilaments and a 
3-start helix. Sym, symmetric. Asym, asymmetric. 
1071  Mandelkow et al. Surface Lattice of  Microtubules Figure  7.  Model  summarizing the  key  features  of a  microtubule 
lattice  with  13  protofilaments,  3-start helix,  and  a  B-lattice.  Note 
helical discontinuity. 
could be confined to two adjacent protofilaments, as shown 
in  Fig.  5,  and  as  suggested by the  special interactions and 
stabilities  between  certain  pairs  of protofilaments  (termed 
junctions in previous studies [25, 26]). However, the possibil- 
ity that the discontinuities are distributed over the microtu- 
bule  wall  cannot  be  excluded.  The  function  of a  seam  is 
unknown at present, One possibility is that it helps to close 
the microtubule wall when it is nucleated by lateral association 
of protofilamentous oligomers. It could also define the poten- 
tial attachment site of some microtubule-associated proteins 
and/or the attachment site of  another microtubule wall (form- 
ing hooks or doublet tubules in appropriate assembly condi- 
tions  [25]).  Thirdly,  a  discontinuity could be required  as a 
nucleation site for the longitudinal and/or lateral growth of a 
microtubule wall (or two associated walls).  In any case, the 
energy difference between the lateral bonds of like and unlike 
monomers (i.e., a-a or/~-B vs. a-E) need not be large, consid- 
ering the homologies between the two monomers. 
The lattice oftubulin subunits has an influence on possible 
lattices ofmicrotubule-associated proteins. Their variable stoi- 
chiometry (19)  and  the  absence of well-defined diffraction 
spots suggests  that they are normally not periodic. However, 
it is possible to define a periodic arrangement of microtubule- 
associated proteins based on the assumption that the under- 
lying tubulin  core has an A-lattice (2).  Such  models would 
have to be adapted to the B-lattice, and they would have to 
include a discontinuity as well. 
The B-lattice simplifies models of elongation. Each end can 
in  principle  be  rather smooth  since  the  shift  between  the 
terminal subunits is small, apart from a step at the disconti- 
nuity (Fig. 7), This would allow the simultaneous addition of 
several mutually independent subunits. By contrast, with the 
A-lattice the protofilaments would terminate at different levels 
so that one has to postulate different probabilities of subunit 
addition (37).  In particular, the B-lattice lends itself to elon- 
gation of protofilaments by dimers or short protofilamentous 
oligomers (4).  However,  it  is  not  compatible with  models 
based on elongation along the 5-start or 8-start helices since 
these have no physical significance. 
Protein assemblies are usually made from subunits having 
both (relatively) constant bonds as well as more flexible ones. 
In the case of tubulin  the axial bond is the most invariant 
one; it defines the dimer, the oligomer, and the protofilament. 
In  normal  assembly conditions  the  lateral  bonds  between 
adjacent protofilaments are also fairly reproducible; they de- 
fine the B-lattice. By contrast, when oligorners associate dur- 
ing nucleation the curvature of  the incipient microtubule wall 
is rather ill-defined, resulting in a variable number of proto- 
filaments per tubule. In the case of spontaneous assembly this 
seems to depend mainly on buffer conditions and on local 
charge densities. For example, the curvature of the wall de- 
creases at low pH or in high concentrations of Pipes (6,  17). 
With seeded assembly, the microtubule is simply propagated 
with the curvature determined by the seed (14, 32). In either 
case, the wall curvature and the protofilament number result- 
ing from it are of secondary importance, compared with the 
primary interactions along a protofilament (4-rim monomer 
repeat) and between two adjacent ones (mostly B-lattice in- 
teraction, ~0.9-nm stagger).  Strictly speaking the results pre- 
sented here refer to microtubules re-assembled in vitro, and 
one could ask if they are applicable to cellular microtubules 
as well. We think this is justified, for the reason that on the 
level of monomers, the nearest-neighbor interactions in native 
and re-assembled microtubules are the  same (compare, for 
example, references  1 and  22),  and there is no evidence to 
suggest that the dimer lattices should be different. Judging by 
other macromolecuiar assemblies, any differences in bonding 
are  likely  to  be  restricted  to  the  level  of quasiequivalent 
conformational changes (7). 
The Helix Hand 
When searching the literature for evidence of the microtubule 
helix hand one finds examples for both fight- and left-hand- 
edness. The problem of determining the hand is conceptually 
simple: one only has to identify the front or back surface of 
the particle and measure the inclination of the helix lines on 
it.  Ambiguities arise  from the  fact that  a  helical  structure 
made up of subunits  contains a  variety of left- and  right- 
handed helices; their contrast varies and depends on methods 
of staining  or  replication;  and  negative  staining  does  not 
normally allow a firm distinction between front and back. A 
priori surface replication would appear as the most reliable 
method, but even here published evidence is ambiguous (e.g., 
right-handed, references 16 and 29; left-handed, reference 18, 
and this report). The problem is that even when conventions 
of imaging are  carefully kept a  change  in  orientation  can 
occur during preparation  of the  replica.  This ambiguity is 
largely (but not totally) overcome by the jet freezing proce- 
dure, in which the orientation of the sample is fixed relative 
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start helix (implying a right-handed 10-start  helix, etc.). 
This result agrees with earlier studies based on negatively 
stained flagellar microtubules (8, 20) or sheets of brain tubulin 
(12). By contrast, our previous studies with negatively stained 
and  metal  shadowed tubulin  sheets indicated  right-handed- 
ness (34). In hindsight, comparison of the data reveals another 
source of ambiguity:  Curved sheets can be right-side-out or 
inside-out. In our earlier conditions of preparation the inside- 
out  particles  appeared  rather  homogeneous  and  therefore 
more believable,  whereas the true curvature (judging by the 
jet freezing results) was preserved only over short stretches. 
We have also obtained images of frozen microtubules sim- 
ilar to Fig.  6 using the liquid helium cooled cryo-block appa- 
ratus developed by Escaig (l 3), the design of which is similar 
to that of Heuser et al. (15). The jet freezing results indicate 
that sufficiently high  freezing rates can be achieved even at 
liquid nitrogen temperatures, particularly in the case of solu- 
tions that can be made arbitrarily thin (as reviewed in refer- 
ence 31). Possible differences in preservation between the two 
methods appear to be below the limit of resolution imposed 
by the subsequent processing.  Similarly, differences in con- 
trast  may  be  explained  by  the  extent  of etching  (deep  or 
shallow) rather than the method of freezing (compare refer- 
ences  16  and  33).  Thus the lower cost and simplicity of jet 
freezing may make this the preferred method for freeze frac- 
ture of solutions. Finally we note that microtubule solutions 
can even be vitrified by blotting them into a thin layer on a 
grid (11) and dipping it into cryogen; this method is suitable 
for the observation of frozen-hydrated microtubules in a cryo- 
electron microscope (27). 
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